[1] Large amplitude, monochromatic ultra low frequency (ULF) waves were detected by MAP/LMAG magnetometer onboard Kaguya during the period from 1 January 2008 to 30 November 2008 on its orbit 100 km above the lunar surface. The dominant frequency was 8.3 Â 10 À3 -1.0 Â 10 À2 Hz, corresponding to the periods of 120 s -100 s. The amplitude was as large as 3 nT. They were observed in 10% of the time when the moon was in the solar wind far upstream of the Earth's bow shock. They were detected only by Kaguya on the orbit around the moon, but not by ACE in the upstream solar wind. The occurrence rate was high above the terminator and on the dayside surface. The direction of the propagation was not exactly parallel to the interplanetary magnetic field, but showed a preference to the direction of the magnetic field and the direction perpendicular to the surface of the moon below the spacecraft. The sense of rotation of the magnetic field was left-handed with respect to the magnetic field in 53% of the events, while 47% showed right-handed polarization. The possible generation mechanism is the cyclotron resonance of the magnetohydrodynamic waves with the solar wind protons reflected by the moon. The energy of the reflected protons can account for the energy of the ULF waves. The propagation direction which are not parallel to the incident solar wind flow can explain the observed frequency and the nearly equal percentages of the left-handed and right-handed polarizations.
Introduction
[2] The solar wind interaction with the moon is quite different from that with the Earth. Because of the absence of the global magnetic field and the atmosphere, the solar wind particles hit the lunar surface directly. They are absorbed by the lunar surface, creating a plasma cavity called the lunar wake, on the downstream side of the moon [Lyon et al., 1967; Ness et al., 1968; Schubert and Lichtenstein, 1974] .
[3] Since it was believed that all the solar wind particles were absorbed by the lunar surface, the solar wind interaction with the moon was studied in terms of the lunar wake [Colburn et al., 1967; Russell and Lichtenstein, 1975; Owen et al., 1996; Ogilvie et al., 1996; Bosqued et al., 1996; Kellogg et al., 1996; Lin et al., 1998; Futaana et al., 2001; Halekas et al., 2005] or the surface charging [Lindeman et al., 1973; Freeman et al., 1973; Freeman and Ibrahim, 1975; Halekas et al., 2002 Halekas et al., , 2003 Halekas et al., , 2008 Colwell et al., 2007] . There were some reports on the wave activities around the moon, such as the monochromatic whistler waves detected by WIND or GEOTAIL [Nakagawa et al., 2003] . Their generation was attributed to the lunar wake because they were detected when the spacecraft were magnetically connected with the lunar wake. Similar low-frequency waves were also observed by Lunar Prospector [Halekas et al., 2006b; Lin et al., 1998 ], and were interpreted in association with the lunar external magnetic enhancements [Halekas et al., 2006a] or the lunar crustal magnetic field.
[4] In 2008, the Japanese lunar explorer Kaguya discovered reflection of the solar wind protons at the lunar surface [Saito et al., 2008 [Saito et al., , 2010 . Kaguya detected as much as 0.1 -1% of the incident solar wind protons coming from the lunar surface when the spacecraft was on the dayside of the moon. They were not specularly reflected but rather backscattered at the lunar surface or magnetically reflected by the crustal magnetic field. Some of the protons were further accelerated by the electric field induced by the solar wind convection. As a result, the angular distribution of the reflected protons was much broader than that of the incident solar wind protons. The reports on the solar wind proton reflection by the moon were followed by the Kaguya detection of the protons once scattered and then 1 picked-up by the solar wind motional electric field to get into the deepest lunar wake [Nishino et al., 2009] , the Chang'E-1 observation of picked-up protons at the lunar terminator [Wang et al., 2010] , and Chandrayaan-1 observations of proton reflection at the magnetic anomalies [Lue et al., 2011] . Prior to Kaguya observation, Futaana et al. [2003] reported Nozomi detection of the nonthermal protons originating from the dayside surface of the moon.
[5] Kaguya also observed enhancements of the magnetic fluctuations above the dayside surface of the moon or above the lunar terminator while the moon was exposed to the solar wind stream. Most commonly observed were large-amplitude, nearly monochromatic low frequency waves of 0.01 Hz [Tsunakawa et al., 2010] , and higher frequency, non-monochromatic fluctuations within the frequency range from 0.03 to 10 Hz [Nakagawa et al., 2011] .
[6] Predominance of the two frequency bands is analogous to the low-frequency waves in the upstream of the Earth's bow shock [e.g., Fairfield, 1969 Fairfield, , 1974 Hoppe et al., 1981; Russell, 1994a Russell, , 1994b . The low-frequency waves with periods near 50 s and 1 s are thought to be the magnetohydrodynamic (MHD) waves [Fairfield, 1969] and the whistler waves [Fairfield, 1974] , respectively, generated through the resonant interaction with the ions reflected by the Earth's bow shock. It is likely that the two frequency bands detected by Kaguya were also generated by the solar wind protons reflected by the moon. If it is the case, this is a new kind of solar wind interaction with the moon that had not been known. Nakagawa et al. [2011] explained the non-monochromatic waves of 0.03 -10 Hz as the whistler waves excited through the cyclotron resonance with the solar wind protons reflected by the moon. Here in this paper, we concentrate on the large-amplitude, low-frequency waves with the period near 100 s. First, we show the Figure 1 . A 16-hour plot of a magnetic field component B y in SSE coordinate system observed by Kaguya during the period from 6:00 to 22:00 on 4 January 2008 at an altitude of 100 km above the terminator of the moon. The orbit on this day will be presented in Figure 3 . Bars at the bottom of each panel indicate 10 minute periods during which the monochromatic ULF waves were detected according to the criteria which will be described in section 3.1. Black and gray bars are for large-amplitude waves (with power density greater than 100 nT 2 /Hz) and small-amplitude waves (with power density of 10-100 nT 2 /Hz), respectively. occurrence properties of the 100 s waves and then examine how their generation can be explained by the cyclotron resonance with the reflected protons.
Observations
[7] The magnetic field data used in this study were obtained by MAP/LMAG magnetometer onboard Kaguya [Shimizu et al., 2008; Takahashi et al., 2009; Tsunakawa et al., 2010] during the period from 1 January 2008 to 30 November 2008. The spacecraft was on its polar orbit encircling the moon every 118 min at an altitude of 100 km. The magnetic field vectors were obtained with sampling frequency of 32 Hz and were averaged over 1 s. The magnetic field data obtained by Kaguya in the solar wind were consistent with those obtained by ACE [Tsunakawa et al., 2010] .
[8] Figure 1 is a 16-hour plot of a magnetic field component B y in Selenocentric Solar Ecliptic (SSE) coordinates obtained by Kaguya on 4 January 2008 above the lunar terminator in the unperturbed solar wind. Large amplitude, low frequency waves were significant from the beginning of the period displayed, and they became almost purely monochromatic at 12:20 UT. The oscillation period was nearly 100 s. The monochromatic wave persisted for nearly 30 min, followed by a typical waveform observed recurrently every 2 hours, which may be the lunar external magnetic enhancements associated with a crustal magnetic field [Halekas et al., 2006a] . The amplitude of the monochromatic wave once depressed, and re-appeared at 15:57 until 17:08, after some short enhancements around 13:00, 13:40, 14:50, and 15:30. The largest amplitude was observed around 19:32 and 21:25, when the spacecraft was located on the southern hemisphere. Black and gray bars at the bottom of each panel indicate the periods of large-and small-amplitude monochromatic ULF waves, respectively, whose detection criteria will be explained in section 3.1.
[9] Figure 2 shows examples of the dynamic spectra for the periods selected from Figure 1 Figure 3 shows the orbit of Kaguya in Geocentric Solar Ecliptic (GSE) coordinates ( Figure 3a ) and in SSE coordinates (Figures 3b-3d) on the same day. The moon, going around the Earth at 60 Earth radii (R E ), was far upstream from the Earth's bow shock and from the nominal position of the ion foreshock which is the region characterized by ULF waves produced by the backstreaming ions reflected by the Earth's bow shock [Greenstadt et al., 1995; Le and Russell, 1992] . It is not likely that the large amplitude waves shown in Figure 1 were originating from the Earth's bow shock, because the shock-related waves were attenuated due to the large distance. On the basis of the ISEE-3 and GEOTAIL observations at the GSE-x coordinate between À50 and 15 R E , Sugiyama et al. [1995] showed an empirical relationship of the normalized amplitude of the shock-related wave in the form of
AE 38 R E and A = 0.37 AE 0.04, where X s is the x component of the position of the shock foot point of the interplanetary magnetic field, and D is the distance from the bow shock measured along the magnetic field line. On 4 January 2008, the distance D was typically around 50 R E and X s was about 8 R E , and we obtain a rough estimation of the normalized amplitude of the shock-related wave of 0.2. Since the magnitude of the magnetic field was about 3 nT between 21:10 and 21:30, the amplitude of the shock-related wave would be about 0.6 nT. This is much smaller than the observed amplitude of 3 nT. Figures 3b-3d show that Kaguya was encircling the moon on the orbit above the terminator. It should be noted that the low frequency waves were detected on the farther side of the moon from the Earth's bow shock.
[11] The 100 s oscillation was not present in the upstream solar wind. Figure 4 compares Kaguya observation (black curves) with the upstream solar wind magnetic field observed by ACE (gray curves) shifted to the Kaguya position by the Figure 2 . Examples of the dynamic spectra of the magnetic fluctuations observed by Kaguya during the periods from (a) 12:00 to 14:00 and (b) 20:00 to 22:00 on 4 January 2008. To gain temporal resolution, Fourier transform of 1-sec averaged magnetic field data was carried out sliding a 600 s Humming window by 60 s. The spectra thus obtained were displayed on the center of each 600 s period.
time for the solar wind to travel the distance between the two spacecraft. The position of ACE was (13.9, À0.5, 1.5) Â 10 5 km and the position of Kaguya was (3.1, À2.6, À0.4) Â 10 5 km in the Geocentric Solar Ecliptic (GSE) coordinate system, and the time delay for the solar wind of 300 km/s was about 1 hour. No signature of 100 s oscillation was found in ACE magnetic field data in Figure 4 , indicating that the magnetic oscillation was associated with the moon.
[12] The 100 s oscillation is also recognized in the magnitude of the magnetic field in Figure 4 . That is, the wave had a compressional component. Color bars at the bottom of Figure 4 indicate the magnetic connection of the spacecraft to the lunar surface. The largest oscillation was detected during the period when the spacecraft was magnetically connected with the lunar surface. [14] Similar events were searched in the Kaguya magnetic field data obtained in the solar wind unperturbed by the presence of the Earth's bow shock. To avoid wave activities originating from the bow shock, we limit the area of observation to x gse > 0, where x gse is the Kaguya position with respect to the Earth in GSE coordinates. It is equivalent to the distance more than 27 R E from the nominal position of the bow shock.
[15] The 3 components of the Kaguya 1-s magnetic field data were Fourier-transformed for every 600 s period after application of the Hamming window. Detection of the monochromatic ULF waves in the present study is defined by the following criteria: (1) the sum of the power of the 3 components of the magnetic variation of a frequency is more than 3 times larger than that of the next lower frequency, and (2) the Figure 4 . The 1-s averages of the magnetic field observed by Kaguya (black) in SSE coordinate system compared with the 1-s averages of the solar wind magnetic field observed by ACE (gray) at (13.9, À0.5, 1.5) Â 10 5 km in GSE coordinates, shifted to the Kaguya position (3.1, À2.6, À0.4) Â 10 5 km. To compare the waveforms, the time shift was fixed to 1 hour for the solar wind to travel the distance between the two spacecraft at the solar wind speed of 300 km/s. ACE data are in GSE coordinates, but the difference between SSE and GSE is negligible. The 100 s period oscillation is observed only in Kaguya data. The blue and red bars at the bottom of the magnetogram indicate the magnetic connection of the spacecraft to the nightside and dayside surface of the moon, respectively. power of the frequency is higher than 100 nT 2 /Hz. The spectral property of the power density of the solar wind magnetic fluctuations of this frequency range is characterized with f À1.5 -f À1.7 [e.g., Bruno and Carbone, 2005, and references therein], and the ratio of the power of the higher frequency to that of the lower frequency should be smaller than unity. In the present study, we use the ratio 3 as the criterion to avoid temporal fluctuations of the spectrum. The second criterion was set to avoid too small variations at high frequencies, but it tends to restrict the detection of the events to lower frequency, so we also tried another criterion of 10 nT [16] Using the criteria, we detected the high-power (>100 nT 2 /Hz) monochromatic ULF waves in 10% of the 22916 periods analyzed. When we relaxed the second criterion to be 10 nT 2 /Hz, the occurrence frequency rose up to 47%. It indicates that the monochromatic ULF waves are common phenomena on the orbit around the moon in the solar wind.
[17] Figure 6 shows the distribution of the peak frequency of the ULF waves. They were most frequently observed at 8.3 Â 10 À3 -1.0 Â 10 À2 Hz, corresponding to the periods of 120 s -100 s. The distribution of the large amplitude events (Figure 6a ) is only slightly shifted to lower frequency than that of the events detected with the criterion >10 nT 2 /Hz ( Figure 6b ).
Site of Detection
[18] Figure 7 is a map of detection of the monochromatic ULF waves in SSE coordinate system, colored by the occurrence probability of the events with power density greater than 10 nT 2 /Hz. To produce the map, we carried out the Fourier transform by sliding the 600 s window by 10 s, because the spacecraft moves as much as 30 in latitude within the 600 s period due to the orbital motion. Figure 7 shows that the occurrence rate was high in the longitudes between À100 and 100 , above the terminator and on the dayside of the moon. The occurrence rate was more than 80% above the terminator in the longitudes À90 AE 30 and 90 AE 30 . It was much higher than that of the subsolar point at the longitude of 0 .
[19] Figure 8 is the map of the selenographic distribution of the occurrence probability of the monochromatic ULF waves in the Mean Earth/Polar Axis (ME) reference system. The prime meridian (0 longitude) is defined by the mean Earth direction, and the area between 90 and 270 in longitude corresponds to the far side of the moon [LRO Project and LGCWG, 2008] . High occurrence rate is observed at around 180 in longitude and À45 in latitude, near the magnetic anomalies at Imbrium antipode and Serenitatis antipode [Tsunakawa et al., 2010; Richmond and Hood, 2008; Mitchell et al., 2008; Purucker and Nicholas, 2010] .
Direction of Propagation
[20] The minimum variance analysis [Sonnerup and Cahill, 1967] was applied to each 600 s period to obtain the direction of the wave number vector k of the ULF waves. Figure 9 shows an example of the minimum variance direction for the same period from 21:17 to 21:27 on 4 January 2008 as in Figure 5 . The minimum variance direction, (À0.64, 0.06, 0.77) in SSE coordinates, was obtained with a good accuracy, indicated by the ratio 2.2 of the intermediate to minimum variance [Lepping and Behannon, 1980] . The minimum variance direction was not parallel to the background magnetic field, consistently with the compressional component as seen in Figure 4 . The angle between them was 44 .
[21] Figure 10 shows the distribution of the direction of the k vector obtained by the minimum variance analysis for 396652 periods for which the ratio of the intermediate to minimum variance was greater than 2. Although the k vectors [Sonnerup and Cahill, 1967] . The vertical line indicates the proton cyclotron frequency for this period. were distributed over a wide range of directions, Figure 10a shows a significant preference to À45 in longitude, in the direction of the average solar wind magnetic field. In Figure 10b we recognize a concentration on À60 in latitude, which suggests an association with the largest magnetic anomalies.
[22] Figure 11 shows the distribution of the angles between the k vector and (a) the background magnetic field of each 600 s period, (b) the x-axis of the SSE coordinate system as an approximate direction of the solar wind flow, and (c) the vector normal to the lunar surface just below the position of the spacecraft. The number of events is divided by the solid angle of each range. The k vectors tend to make small angle from the background magnetic field, but not exactly parallel to it. The k vectors show no preferred angle with respect to the solar wind flow, but show a significant preference to small angles with respect to the normal to the lunar surface. Figure 11 shows the angular distribution of k vectors of left-hand and right-hand polarized waves separately, but no difference was found between them. It should be noted that the minimum variance analysis cannot distinguish parallel and antiparallel directions.
[23] An attempt was made to find a possible relationship between the direction of the k vector and the position of the spacecraft. The minimum variance directions were averaged over each 5 bins of longitudes and latitudes of the observation sites in the SSE coordinate system. Because the minimum variance analysis gives a direction vector but no information of orientation, we averaged the directions on the assumption that they were directed outward from the moon. Figure 12a shows the direction of the k vectors averaged over 5 range of the latitudes on the noon-midnight meridian in the longitudes 0 AE 60 (dayside) and 180 AE 60 (nightside). The k vectors were directed northward in the northern hemisphere, while they were directed southward when the spacecraft was in the southern hemisphere (on the assumption that they were oriented outward from the moon). Figure 12b shows the results for the dawn-dusk meridian obtained in the longitudes À90 AE 30 (dawnside), and 90 AE 30 (duskside). The k vectors tend to be perpendicular to the lunar surface, consistently with what we have seen in Figure 11c . Figure 12c is an azimuthal plot of the averaged direction of the k vectors obtained within 30 from the ecliptic plane. Again the k vectors were directed nearly perpendicular to the lunar surface. The absence of the k vectors in some longitudes is due to the lack of observation, the smallness of the number of events in the duskside equator, or the inaccuracy of the direction of the k vectors. It should also be noted in Figures 12a and 12c that the k vectors on the terminator were slightly tilted to the sunward direction.
Sense of Rotation
[24] Figure 13 shows two examples of the hodograms of the magnetic field variation of the ULF waves, in which the background magnetic field is directed to the reader. During the period from 21:22:00 to 21:25:20 on 4 January 2008 (Figure 13a ), the tip of the magnetic field vector rotated clockwise, showing left-hand polarization with respect to the background magnetic field. Only several minutes later, during the period from 21:30:00 to 21:32:00 (Figure 13b ), the magnetic field began to rotate in the opposite direction according as the minimum variance direction varied from (À0.64, 0.06, 0.77) to (À0.37, 0.89, 0.27).
[25] Figure 14 shows the observed sense of rotation of the magnetic field with respect to the background magnetic field for the same periods as displayed in Figure 2 . The intense monochromatic ULF wave as observed from 12:18 to 12:55 in Figure 2 was dominated by left-handed polarization indicated with blue color in Figure 14a . The most intense monochromatic ULF wave starting from 21:12 at 0.012 Hz is dominated by left-handed polarization (blue) until 21:27 (as the central time of the 600 s period), then the polarization turned to be righthanded (red) at 21:32 (Figure 14b) .
[26] Investigation of all the 396652 events whose k vectors were obtained with significant accuracy revealed that 53% of the events were left-hand polarized and 47% were right-handed. This makes contrast with the upstream waves at the Earth's bow shock dominated by left-hand polarization [Fairfield, 1969] . The possible explanation for the difference will be given in 5. Discussion.
Generation Mechanism

Summary of Observations
[27] The properties of the magnetic fluctuations are summarized as follows:
[28] 1. Large-amplitude, monochromatic ULF waves were found in the solar wind magnetic field around the moon on the orbit of 100 km above the lunar surface when the moon was exposed to the solar wind far upstream of the Earth's bow shock.
[29] 2. They were not detected in the upstream solar wind magnetic field.
[30] 3. The dominant frequency was typically 0.01 Hz.
[31] 4. The occurrence rate was 10% for large amplitude events and 47% for smaller events.
[32] 5. The occurrence rate was high above the terminator and on the dayside of the moon.
[33] 6. The occurrence rate was high in the southern hemisphere of the far side of the moon.
[34] 7. The magnetic field variation had the compressional component.
[35] 8. The wave number vectors were not exactly parallel to the background magnetic field, but they showed a preference to the direction of the magnetic field and the direction perpendicular to the surface of the moon.
[36] 9. Both left-hand and right-hand polarizations were almost equally observed.
Resonance With the Reflected Protons
[37] The monochromatic nature of the ULF waves suggests that they were generated through a resonant interaction. The detection of the ULF waves on the dayside of the moon, and the predominance above the magnetic anomalies suggest that the waves were associated with the solar wind particles reflected by the moon, in analogous to the upstream waves generated by the solar wind protons reflected by the Earth's bow shock [Fairfield, 1969] . Here we discuss the wave excitation through a cyclotron resonance with the protons reflected by the moon.
[38] A wave with an angular frequency w and a wave number vector k propagating in a solar wind plasma is detected by a spacecraft at the angular frequency
where V sw is the bulk velocity of the solar wind flow. The sense of polarization observed from the spacecraft depends on the direction of the background magnetic field B 0 and the chirality h of the magnetic field, which is defined as
on the assumption that the magnetic field B is the sum of the constant field B 0 and the wave component b = (b x , b y , 0) in a coordinate system whose z axis is parallel to the wave number vector k for simplicity. Here we assume a circularly polarized wave with an amplitude B ? . Figure 15 illustrates the direction of rotation of the wave component b. Positive h gives an antiparallel type helix for which r Â b is in the direction opposite to b for positive k, while negative h gives a parallel type helix with r Â b in the same direction as b. Hereafter we assume positive k, because the configuration of negative k can be given by that of positive k with reversed h. If we assume positive w together with positive k, the rotation of the magnetic field at a fixed position in the solar wind frame is left-handed with respect to the z axis for positive h, while it is right-handed for negative h. For the case where B 0 Á k is positive, the positive h gives left-handed polarization with respect to the magnetic field. The sense of rotation reverses for negative h, negative w and for negative B 0 Á k.
[39] Observed from a spacecraft, the wave is detected as left-handed if w′ sc hB 0 Á k is positive. By taking positive value of the observed angular frequency w obs for left-hand polarization with respect to B 0 , we have
where s = 1 for positive hB 0 Á k (anti-parallel type helix with B 0 Á k > 0, or parallel type helix with B 0 Á k < 0) and s = À1 for negative hB 0 Á k.
[40] The reflected protons with the velocity V p would observe the wave at the angular frequency further Dopplershifted to
that is,
It should be noted that the velocity distribution of the reflected protons was not a field aligned beam, but the angular distribution was broad [Saito et al., 2010] . Saito et al. [2010, Figure 25 ] schematically illustrates the orbits of the solar wind protons backscattered at the lunar surface, or reflected by the magnetic anomalies. The broad angular distribution of the reflected protons suggests that they have significant velocity components perpendicular to the magnetic field. Such velocity distribution is likely to be unstable to the cyclotron resonance.
[41] The condition for the cyclotron resonance between the wave and the reflected protons is that the sense of rotation of the electric and the magnetic fields as seen from the protons are left-handed with respect to the background magnetic field, and 
where q and m i are the electric charge and the mass of a proton, respectively, and B is the magnitude of the background magnetic field. To check the resonant condition, we need w and k. The direction of k is obtained from the minimum variance method. The magnitude |k| can be derived from the resonant condition as follows. Combining equations (3), (5), and (6) we obtain
which can be rewritten as
using the angle q pk between the direction of the motion of the reflected proton V p and the wave number vector k. The angular frequency w obs is measurable, and the proton cyclotron frequency W i is calculated from the magnitude B of the magnetic field during the wave activities. The speed of the reflected protons |V p | is approximated as nearly equal to the incident solar wind speed |V sw | according to Saito et al. [2008] . We can calculate |k| from equation (8) if we have the angle q pk .
[42] Figure 16 shows an example of the estimation of |k| of the representative event from 21:17 to 21:27 on 4 January 2008, calculated for various q pk for the s = 1 case with h = 1 and B 0 Á k > 0. The wave number vector k was antisunward as the average magnetic field B 0 was directed antisunward during this event. The observed frequency was 0.012 Hz with the lefthand polarization and the proton cyclotron frequency f i = W i /2p was 0.039 Hz. We employ the fundamental mode n = 1 as it is the most important mode. The solar wind speed was 300 km/s. It is recognized in Figure 16a that the wave number |k| is smallest at q pk = 180 , while it diverges to infinity as q pk approaches 90
. Figure 16b shows that the wavelength was about 10 4 km at q pk = 180 . In the solar wind magnetic field, waves of such wavelength are commonly observed irrespective of the presence of the moon [e.g., Bruno and Calbone, 2005, and references therein]. [43] By substituting the wave number |k| thus obtained into equation (1), we can calculate the angular frequency w of the wave in the solar wind frame of reference. Figure 16c shows the frequency f = w/2p. It was negative for all q pk , indicating that the polarization of the wave was right-handed in the solar wind frame of reference. The negative frequency also implies that the phase velocity V ph was in the direction opposite to k. The absolute value of the frequency |f | was 5.6 Â 10 À3 Hz at q pk = 180 and lower than the ion cyclotron frequency 0.039 Hz over a wide range of q pk from 110 to 180 , suggesting that the resonant wave was in the frequency domain of MHD waves. Precisely speaking, they cannot be ideal MHD waves, because the ideal MHD theory predicts linear polarization while they have a distinct elliptical polarization as pointed out by Russell [1994a] concerning the upstream waves at the Earth's bow shock.
[44] Figure 16d shows the phase speed V ph = w/|k| which reaches the minimum value 62 km/s at q pk = 180
. The phase speed of this frequency domain is expected to be of the order of the fast, intermediate, and slow speeds of the MHD waves. The calculated phase speed was much higher than the fast speed V f = 30 km/s of the unperturbed solar wind, indicated with a gray dashed line in Figure 16d , calculated from the upstream solar wind parameters observed by ACE within 3.5 hours of the ULF detection. Using the ion density 5 cm À3 and the ion temperature 2 Â 10 4 K, we obtain the Alfvén speed V A = 25 km/s and the sound speed V s = 23 km/s on the assumption of equal temperatures of protons and electrons. As the angle q bk between k and the magnetic field was 44 , the fast speed V f was calculated to be 30 km/s. In order that the fast speed V f would become 62 km/s, the sound speed V s needs to be 57 km/s, which requires the proton temperature 1.2 Â 10 5 K, by 6 times as large as the upstream observation. The possibility of the high proton temperature is discussed in the next section.
[45] For the angle q pk smaller than 180 , the phase speed was too high to be explained with the fast speed V f . It was also much higher than the phase speed of a whistler wave V w indicated by the gray solid curve in Figure 16d . It would be natural to think that the most probable angle of q pk is 180 , indicating that the wave number k was antiparallel to the velocity V p of the reflected protons. Because the angular frequency w was negative, it implies that the phase velocity was parallel and in the same direction with the velocity of the reflected protons.
[46] The other case of s = 1 with h = À1 and B 0 Á k < 0 gave physically the same result as that has been described, only with the difference in definition of the axes of the reference frame. The case of s = À1 results in the phase speed V ph larger than 190 km/s, which cannot exist in the solar wind plasma of the time of observation.
Discussion
[47] As the group velocities of the MHD waves are smaller than the solar wind bulk speed, they cannot propagate against the solar wind flow. The ULF waves detected by Kaguya must Figure 16 . Cyclotron resonance condition calculated for various angles q pk between the wave number vector k and the velocity of the reflected protons V p . From top to bottom: (a) the wave number |k|, (b) the wavelength l, (c) the frequency f in the solar wind frame calculated on the assumption of antisunward propagation, (d) the phase speed V ph of the wave in the solar wind frame. The gray dashed line and the gray solid curve in Figure 16d indicate the fast mode speed V f for the temperature 2 Â 10 4 K, and the phase speed V w of whistler mode wave calculated for each frequency, respectively. (2) with (a) h = +1 and (b) h = À1 and positive wave number k.
be excited upstream of the spacecraft and then convected down by the solar wind flow, irrespective of the direction of the phase velocity. This mechanism is possible, because the Larmour radius of the reflected protons in the solar wind magnetic field is large. For example, a reflected proton with a speed of 600 km/s relative to the solar wind flow, twice the incident solar wind speed, could have a Larmour radius of 1200 km in a typical magnitude 5 nT of the solar wind magnetic field. Therefore, the reflected proton can travel far upstream and generate a wave. The generated wave could be convected down and then detected by the spacecraft. This process is the same as the upstream waves in the Earth's foreshock [Fairfield, 1969 [Fairfield, , 1974 Russell, 1994a Russell, , 1994b .
[48] Figure 16 suggests that the resonance condition was satisfied when the k vector and the velocity V p of the reflected protons were antiparallel to each other. Figures 11c and 12 show that the k vectors were statistically nearly perpendicular to the lunar surface just below the observation site. Although the waves are not generated at the surface of the moon, it is suggested that the velocity V p of the resonant protons are nearly perpendicular to the lunar surface in the reference frame of the solar wind. Although the protons are not assumed to be reflected specularly at each location of the lunar surface [Saito et al., 2008] , it seems natural that the direction of the reflected protons averaged for the broad angular distribution and the wide area is nearly perpendicular to the surface.
[49] Differently from the ULF waves upstream of the Earth's bow shock whose sense of rotation was dominated by the lefthand polarization [Fairfield, 1969] , only 53% of the monochromatic ULF waves around the moon showed the left-hand polarization. The wave number vector k antiparallel to the velocity V p of the reflected protons can account for the nearly equal detection of the left-hand and the right-hand polarizations. In case of the Earth's bow shock, the reflection of the solar wind ions is nearly specular [Gosling and Robson, 1985] . As the shock surface extends essentially in y and z directions upstream of the Earth, the ions are thought to be reflected into the direction relatively close to the x axis, which makes a small angle with respect to the incident solar wind flow. Thus the contributions from the second and the third terms of equation (4) are nearly the same and much larger than that of the first term. The left-handed wave as seen from the reflected protons is left-handed as well when viewed from the spacecraft. On the other hand, for the event we have seen in Figure 16 , the magnitude of the second term k Á V sw was 2p Â 1.7 Â 10 À2 Hz, while that of the third term k Á V p was as large as 2p Â 2.7 Â 10 À2 Hz. Although the magnitudes of |k||V sw | and |k||V p | are nearly the same, the contribution of the second term is smaller than the third term, due to the angle 51 between the wave number vector k and the solar wind velocity V sw . Consequently, it can occur that the second term cannot reverse the polarization of w′ sc , resulting in nearly equal opportunity of detection of right-hand and left-hand polarization, while the third term reverses the polarization so that the reflected protons would experience left-hand rotation of the magnetic and the electric fields. Figure 13 shows the examples. The left-handed polarization (Figure 13a ) turned to be righthanded (Figure 13b ) according as the k vector turned from (À0.64, 0.06, 0.77) to (À0.37, 0.89, 0.27), to be less aligned with the solar wind flow.
[50] The dominant frequency 0.01 Hz of the monochromatic ULF waves can be interpreted in terms of the wave number vectors k antiparallel to the velocity V p . Considering cosq pk = À1 and w negligibly small compared with |k||V sw | $ |k||V p |, equations (1) and (5) respectively. Eliminating |k||V sw | from equations (9) and (10), we have
which is rewritten as
using equations (3) and (6). Substituting n = 1 and W i $ 0.48 rad/s for the typical solar wind magnetic field B 0 $ 5 nT, we have w obs $ 0.06 rad/s, that is, 0.01 Hz, if the angle q ks is AE80 . The wave propagation into such directions q ks = AE80 were observed at the terminator, the site of the highest occurrence rate of the ULF wave. On the other hand, at present it is not known why the occurrence rate of the ULF waves was high at around the terminator.
[51] The high proton temperature required for the phase speed 62 km/s can be explained with the sum of the kinetic energy of the reflected protons. If we assume that 1% of the solar wind protons were reflected by the moon [Saito et al., 2008] , their contribution to the ion thermal energy of the solar wind would be 0.
À11
Jm
À3 on a very rough estimation of |V p À V sw | $ 2|V sw |, where N i is the number density of the solar wind protons. The speed |V sw | of the solar wind flow was about 300 km/s at the time corresponding to the detection of the ULF wave. The sum of the energy of the reflected protons is about 6.8 times as large as the thermal energy N i m i V s 2 /2 $ 2.2 Â 10
À12
Jm
À3 of the upstream solar wind. This is just rough estimation, because it is not likely that the reflected protons were collimated in the direction antiparallel to the incident velocity. Rather, it is likely that pitch angle scattering of the reflected protons is caused by the large amplitude ULF waves [Gary et al., 1984b] .
[52] The sum of the kinetic energy of the reflected protons can account for the energy density of the monochromatic ULF waves, 3.6 Â 10
À12
Jm
À3 at most, calculated from the largest amplitude of the ULF waves of 3 nT as seen in Figures 1 and 4 . It suggests that the energy of the reflected protons is the source of the energy of the ULF waves.
[53] The monochromatic ULF waves were often accompanied with the non-monochromatic, higher-frequency whistlers which were almost always detected above the dayside surface of the moon in the solar wind [Nakagawa et al., 2011] . The both modes were observed simultaneously in many cases, while occasionally they were detected with the absence of another. The situation is the same as that of the Earth's foreshock region, where large amplitude low-frequency waves from 0.01 to 0.05 Hz and higher-frequency of 0.5 -4 Hz are observed [e.g., Fairfield, 1974; Hoppe et al., 1981; Russell, 1994a Russell, , 1994b , and references therein]. The two modes were often accompanied with backstreaming ions from the bow shock. Hoppe et al.[1981] showed that the higher frequency waves were accompanied with cold beam ions, while the low frequency waves were associated with diffuse ions with a broad energy spectrum. The upstream waves associated with the backscattered ions have motivated many theoretical and numerical works on the wave generation by the ion beam. Gary et al. [1981 Gary et al. [ , 1984a Gary et al. [ , 1984b ] studied the ion beam instability using the Vlasov theory and showed that the maximum growth rate is found at the direction parallel to the magnetic field, while a significant growth rate is also found at an oblique angle. It seems to be in good accordance with the propagation property of the ULF waves in the present study. Using the reflected ion component backstreaming along the magnetic field, Winske and Leroy [1984] found that diffuse ion distributions are produced as the wave grows. It was also shown that ring beam ions generate high frequency waves as well as low frequency resonant mode waves [Winske et al., 1985; Wong and Goldstein, 1987] . Gurgiolo et al. [1993] showed that gyrophase bunched ions reflected at the shock generate both low and high frequency waves with timescales much shorter than gyrophase mixing, and the low frequency waves trap the phase bunched ions and prevent them from the phase mixing. It is likely that the protons reflected by the moon form a ring beam. On the basis of Nozomi observation, Futaana et al. [2003] showed that the nonthermal protons coming from the dayside surface of the moon had a ring beam distributions. In the vicinity of a significant crustal magnetic field, phase bunched protons may also be expected.
Conclusion
[54] The large amplitude, monochromatic ULF waves of the frequency of 0.01 Hz were detected by Kaguya around the moon. They were thought to be generated by the solar wind protons reflected by the moon through the cyclotron resonance with the MHD waves in the solar wind plasma. The direction of propagation was not always parallel to the solar wind magnetic field, but showed preference to the directions parallel to the magnetic field and perpendicular to the lunar surface below the spacecraft. The direction of propagation of the wave is thought to be parallel to the reflected protons, while the angle between the solar wind flow and the wave propagation was large. It can account for the observed frequency about 0.01 Hz. The estimated phase speed was higher than the fast mode speed of the unperturbed, upstream solar wind, but can be accounted for if the thermal effect of the reflected protons is taken into account.
Erratum
In the originally published version of this article, the power of lowest and second lowest frequencies displayed in Figures 2 and 5 were incorrect. This error has since been corrected, and this version may be considered the authoritative version of record. 
